The growth and development of competence by group H streptococci, strain Challis, were compared in synthetic, semisynthetic, and complex media with respect to the cultural conditions required, time of onset and persistence of competence and transformation efficiency. Provided that cultural conditions were strictly controlled in the synthetic system, transformation frequencies of 1 % or above were routinely observed. The initial pH must be between 7.3 and 7.6, and the addition of freshly prepared bicarbonate ion was required. Furthermore, competence was sensitive to the degree of initial agitation of the culture. There was no evidence that "step-down" or "unbalanced" growth conditions were required. Competence could be provoked in the incompetent strain Wicky, growing in complex or semisynthetic media, by the addition of heat-killed or filtered cultures of strain Challis prepared during the competent period of growth in synthetic medium.
In all transformation systems reported to date, very exacting environmental conditions have been found to be required for the development of competence which is defined as the ability of the microorganism to transport deoxyribonucleic acid (DNA) into the cell for subsequent incorporation into its genome. These conditions vary widely among transformable bacteria with respect to complexity of transforming media, pH, temperature, inhibitors, and the physiological state of the recipient cells (8) .
Although transformation of group H streptococci, strain Challis, was reported in 1963 by Pakula and Walzak (7), the cultural conditions required for the growth and development of competence were so complex that very few genetic studies have been performed with these organisms. In 1967, Leonard, Corley, and Cole (2) described a system in synthetic media which utilized a "step-down" procedure requiring transfer from a growth to a transforming medium. Little or no growth was observed in the latter medium.
In the present study, cultural conditions are described for strain Challis which permit rapid growth and development of competence in a synthetic medium. In addition, sterile filtrates or supernatant materials from heat-killed cultures prepared during the competent period of cul- Maintenance of the organism. The strains were subcultured daily in liquid media to maintain high levels of transformability. Whenever a decrease in transformability occurred, frozen or lyophilized stock strains were subcultured, single colonies were picked, and, after 7 to 10 daily transfers in liquid media, high transformation frequencies could again be achieved.
Transforming DNA. To obtain cells for DNA extraction, 1 liter of TH broth was inoculated with a 1% inoculum obtained from an 18-hr culture of the strep-COMPETENCE IN GROUP H STREPTOCOCCI incubation at 37 C for 12 hr, the cells were harvested by centrifugation and resuspended in 12 ml of salinecitrate. A 6-ml amount of the cell suspension was mixed with an equal volume of no. 13 Ballontini glass beads and agitated on a Mickel disintegrator for 1 hr. The contents of the Mickel cup were washed into a 250-ml Erlenmeyer flask with 25 ml of saline-citrate. A 2-ml amount of a 25% solution of sodium lauryl sulfate was added, and the flask was placed in a water bath at 60 C for 10 min. The remainder of the isolation procedure was that described by Marmur (3) . DNA was finally dissolved in saline-citrate and stored at 4 C. The DNA content of the extract was measured colorimetrically by the diphenylamine method of Burton (1) . DNA prepared in this manner had a molecular weight of 5.6 million and maintained its transforming ability for over 2 yr. The molecular weight was determined in a cesium chloride density giadient by courtesy of W. R. Guild.
Growth and transformation procedures. The recipient cells were prepared in appropriate medium either by a 10,000-fold dilution of a 12-hr culture (preliminary studies) or by a 100-fold dilution, as in all later experiments. Transformation was measured by one of two general techniques. (i) DNA (5 ,Ag/ml) was added to the culture immediately prior to the inoculum; the culture was allowed to grow for 5 to 6 hr; 10 min prior to plating, deoxyribonuclease (5 ;Ag/ml) was added.
This was essentially a screening method. (ii) DNA was added at a known point of the growth curve, followed by deoxyribonuclease 30 min later. In both cases, incubation was continued at 37 C for a total growth time of 5 to 6 hr, after which the viable count was greater than 109 colony-forming units (CFU) per ml. This allowed ample time for phenotypic expression. During the competence period, maximal transformation efficiencies were achieved after approximately 1 hr of growth after DNA addition. This efficiency was maintained during subsequent cell culture prior to plating on the screening medium (Lawson, Ph.D. Thesis). The number of transformed cocci was determined by plating on TSA containing 250,g of streptomycin per ml, and the total count was determined by plating on TSA in the absence of any drug.
RESULTS
Transformation in complex media. In TH broth supplemented with 1 % swine serum or 0.15% albumin, the culture was maximally competent during the early and middle log phase (3 to 7 hr) of growth, when the initial viable count was 106 CFU (Fig. 1) . No transformants were found in the absence of serum or albumin. Greater than 1% transformation occurred routinely in substantial agreement with the results of Pakula and Walzak (7) .
Synthetic medium for growth of strain Challis. To simplify the medium used in the preliminary experiments, a modification of a synthetic growth medium described by Mickelson (4) for group A streptococci was substituted for TH broth (Table  1) . After subculture from TH broth and daily transfer in this medium, designated SM, a decrease in growth was noted concomitant with a change in cultural and cellular appearance. The cells grew as a granular precipitate, and very long chains of greater than 100 cocci were observed. However, upon continued transfer, the amount of growth increased, the chain length decreased to 7 to 10 cocci per chain, and the fine granular precipitate-like growth slowly changed to a typical uniformly turbid suspension. A cell yield greater than 109 CFU per ml with a mean log-phase generation time of 45 min was achieved. Despite the excellent growth in this medium, the cell survival at room temperature or 4 C was much shorter than in TH broth. For example, at 4 C, viable cells could not be recovered from SM after 3 to 4 days, in contrast to good survival in TH broth for 2 to 3 weeks. In all experiments described below, the recipient cells were prepared from cultures which had been daily subcultured for at least 3 months.
Transformation in semisynthetic medium. Transformation occurred in SM with the addition of 0.13 % albumin and within an initial pH range of 6.8 and 8.2. The competence period in this semidefined medium occurred in the early log phase and persisted at maximal levels (0.1% and above) for approximately 2 to 3 hr (Fig. 2) .
Transformation in synthetic medium. Studies were then initiated to determine whether albumin VOL. 102, 1970 could be eliminated from the transformation system and competence arises during growth in synthetic medium. It was found that transformation would occur, provided that cultural conditions were rigorously controlled. The onset of competence during culture was found to be dependent on a very narrow pH range. The initial pH of the cultures must be between 7.3 and 7.6 (Fig. 3) . At pH levels below 7.3 or above 7.6, little or no transformation occurred, although excellent growth was achieved. Furthermore, pH did not begin to fall until after the onset of competence. In all subsequent transformation experiments, initial pH was adjusted to a value of 7.5 after any additions to the medium including the inoculum.
The degree of competence achieved by a culture was also found to be dependent on the bicarbonate concentration of the medium. Bicarbonate could be supplied by any of a number of salts but was routinely added as the ammonium salt in our studies. Although bicarbonate is required for high levels of transformation, excess amounts of bicarbonate were inhibitory (Fig. 4) . The effect of the addition of bicarbonate ion on transformation in freshly prepared medium was compared to the effect in medium exposed to the atmosphere for approximately 2 weeks. The initial requirement for bicarbonate was lost within 2 weeks, whereas the maximum allowable concentration was concurrently decreased. After continued exposure to the atmosphere (ap- proximately 1 month), the medium would no longer support transformation in the presence or absence of added bicarbonate. It was suggested that this observation was due to continual absorption of carbon dioxide from the atmosphere until the concentration became inhibitory to competence. In subsequent studies, the medium was autoclaved and stored in sealed screw-cap bottles (Albimi), and bicarbonate was freshly added at the beginning of each experiment.
Effects of agitation on transformation. The physiological conditions required for the development of competence appeared to be defined. However, it was frequently noted that results from experiments carried out in duplicate did not correspond. It was then found that the transformation frequency was enhanced by gentle agitation immediately after inoculation of the culture but decreased by vigorous agitation. In an effort to quantitate this phenomenon, medium was inoculated and placed on a Burrel Wrist Action Shaker at a 450 angle. At various settings, the cultures were agitated for 15 sec. In a typical experiment, gentle agitation increased somewhat the percentage of transformation; however, with greater agitation, the frequency fell to 0.01% or lower (Fig. 5) . In subsequent transformation studies, care was exercised to avoid disturbing the cultures during and immediately after the addition of the inoculum. However, once the cells were rendered competent, agitation had no effect on the transformation frequency. The results of the described studies demonstrate that strict adherence to cultural conditions was required for optimal levels of transformation. When this was done, a transformation frequency of greater than 1 % was routinely found with the isolate of strain Challis (Fig. 6) .
Isolation culture filtrate. Studies were carried out to determine whether the competence-provoking factor was present during culture in SM. Strain Wicky was adapted for growth in SM by the method successful with strain Challis, and was tested for transformation after the addition of heat-killed cultures of strain Challis harvested during the competent period of growth in SM. When heated Challis culture was added to the recipient Wicky culture growing in SM supplemented with 0.5% albumin, approximately 100,000 transformants per ml were recovered (Table 2 ). Transformants were also isolated when culture filtrates of Challis prepared by sintered glass filtration were used to provoke competence. Rarely were transformants of strain Wicky isolated from any culture in the absence of added factor from Challis. The provocation of competence was most efficient when performed during the second hour of culture of the recipient strain. DISCUSSION A synthetic medium (SM) supporting the growth and development of competence in group H streptococci, strain Challis, has been described above and in a preliminary report (Lawson and Gooder, 1967 , Bacteriol. Proc., p. 52). Leonard et al. (2) described a synthetic system for transformation of strain Challis which required a "step-down" from growth medium (MS6) to transforming medium (MS6-C). A comparison of the three media showed variation in the content and concentrations of amino acids, salts, and glucose, although each medium contained the ? basic defined nutrients required for growth. Transformation in SM was compared with the complex system described by Pakula and Walzak (7), and a semisynthetic system consisting of defined medium and albumin. Transformation to streptomycin resistance at levels above 0.1 %, routinely above 1% in SM, was achieved in all media. Comparable transformation frequencies were observed with other antibiotic markers, including resistance to novobiocin, kanamycin, and chloramphenicol (Lawson, Ph.D. Thesis). Competence appeared during early log phase in each medium. However, the period of competence in SM was of short duration compared to the long persistence of this period in complex medium. In synthetic medium, cultural conditions required for competence were more exacting than those for growth.
Although excellent growth occurred in SM over a wide initial pH range and in the absence of added bicarbonate ion, competence developed only within the initial pH range of 7.3 to 7.6, and required the addition of bicarbonate ion immediately prior to each experiment. This requirement for bicarbonate ion has not been reported in transformation systems other than the streptococcal. Both the pH and bicarbonate requirement could be eliminated by the addition of albumin or serum. In the "step-down" medium described by Leonard, Corley, and Cole (2), bicarbonate was also found to be required for competence.
Initial agitation of the inoculated cultures caused a decrease in transformation. Tomasz (Bacteriol. Proc., p. 52, 1967) found a similar effect due to vigorous agitation in pneumococci. He suggested that a competence-provoking factor bound to the cell surface is shaken loose and becomes inactive. Perhaps in the streptococci such a factor is more loosely bound and thus more easily released. This explanation would account for the ease of demonstrating the factor in supernatants and the sensitivity of competence development to relatively mild agitation.
The screening procedure in which DNA was added immediately prior to the inoculum, followed by deoxyribonuclease 6 hr later, was employed during those experiments designed to establish optimal conditions for competence. During these studies, variation often occurred in the time of onset and persistence of competence. This long exposure of the cells to DNA was not considered to alter the transformation frequencies, since it was found that phenotypic expression of the streptomycin markers was fully developed 45 min after the addition of DNA and remained constant during the succeeding 4 hr of culture (Lawson, Ph.D. Thesis).
Transfer of competence from strain Challis growing in synthetic medium to strain Wicky was demonstrated. The addition of heated supernatants to a culture of strain Wicky promoted transformation in the latter strain. The presence of serum for the consistent production of the competence-promoting factor was not required.
